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ABSTRACT 


This paper analyzes how a shipowner or charterer may 
determine the specification of optimal ship size for a 
given route with respect to certain market requirements. 

The theory of optimal ship size, a methodology for esti- 
mating scale economics, and the various factors affecting 
Baap Size are examined using a typical conventional cargo 
ship and bulk cargo carriers based on shipowners' cost 


data. 
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I. INTRODUCTION 


This paper analyzes how a shipowner or a charterer as 
well as the industrial operator may determine the specifica- 
tion of optimal ship size for a given route with respect to 
certain market requirements. The selection of the vessel 
Size as measured by cargo capacity is one of the most impor- 
tant decisions affecting the overall economics of a proposed 
ship in the preliminary designing stage. 

Table 1 shows the increase in the number of larger-sized 
vessels in several categories during 1972-1978. The increased 
number of the large ships in 1978 ranges from one half times 
the number in 1972 for freighters of 13-15 thousand tons to 
over seven times for super tankers of over 300 thousand tons. 
From this table it may be seen that international seaborne 
Shipping has utilized the bigger ships than the smaller ones 
while maintaining almost the same level of numbers in the 
lower categories. 

What are the important factors underlying the increase 
in ship size in different types of ships? How does an owner 
use his own experience and cost data to determine the best 
Ship size to maximize his profit? All these questions can 
be answered by the economic analysis based on his own cost 
Btea. ithe cost structures are different not only for the 
individual shipping agent, but also due to the type of shipping 


services and commodities. 





TABLE l 


Changes in Ship Size of Major Merchant Fleet (over 1,000 GRT) 


1972 
number 
TYPES Sa On total 
1,000 GRT ships number 
Freighters under 7 5,953 
Meo CAr9O, 7.13 4,379 
container ship, 12.029 
RO-RO, LASH 13-15 910 “ 
ship) 15 over 787 
Bulk carriers under 40 2 OF 
aml k/oil, " 
Bee /oil, 40-80 526 
ore/bulk/oil) 80-125 136 Bp 539 
125-150 27 
ESO “Over 63 
Tankers under 80 3,973 
(oil, chemi- - 
cal, liquid 80-150 29% 
petroleum) 150-200 37 4.581 
200-250 198 
250-300 67 
300 over 8 
WORLD TOTAL 20,149 


1978 

number 

Or EOtcaL 

ships number 
tO 
4,301 
ee he 
IL, SGC 


14,140 


3.510 
846 
254 4,651 
72 
3 


By eS. 
548 
Ja) 
Sak 
292 
58 


pao 


2S 76 


Source: A Statistical Analysis Of cenemwworlda's 
Meneiantmeecets, US. Department of 


Commerce, 1972 and 1978. 





The shipping services are categorized as liner, tramp, 
and industrial operation. Liner trades advertise scheduled 
service between the specified ports whereas the tramps do 
not. Industrial operations are captive services in which both 
ships and cargoes are controlled by a single entity. 
Ordinarily, company-owned fleets are sized below their 
owners' basic, continuing requirements, and the fluctuations 
in transport needs are met by charters from other owners. 

For shipping purposes, commodities can be divided into 
four groups: major bulk commodities which are shipped in 
large volume like oil, iron ore, coal, and grain; minor or 
semi-bulk commodities which are loaded in smaller volumes, 
such as phosphate rock, bauxite and alumina, sugar, and salt; 
unitized cargo for container, Ro-Ro, and LASH ships; and 
general cargoes which are relatively small shipment sizes. 

Gilman (1977) [Ref. 5] presented cost differences for 
Various types of ships on a typical voyage. The range of the 
cost per day is from 7,628 dollars to 25,686 dollars shown 
in Table 2. These substantial variances are found in the 
costs of operating ship of various types, depending on the 
PmeeererOr Ene (Ship 1tself, the trade in which it is em- 
ployed, the flag of registry and the operating policies of 
mae Owner. 

Since ocean shipping is a truly international business, 
ships are typically built wherever the most favorable arrange- 


ments can be made. They may be nominally owned by corporations, 
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TAB EE 2 


Daily Operating Costs ($), 1977 


speed (knots) 


Gapital cost 


daily capital cost 


daily operating cost 


insurance/day 


crew wages & prov. /day~ 


maint. & repair/day 


@ariy port cost 
fuel in souca/@enp 


daily sea cost 


fuel at sea/day* 


daily total cost 


14,600 dwt 
conventional 
ship 


14 


OF? milion 
oy G2.o 


IE ieee: 
Zr 
Resale) 
Bi) 7) 


275 
2 


Ite ehe, 
foo 9 


7,628 


20,000 dwt 
Ro-RoO Ship 


ZZ 


S60mL Lion 
14,187 


S708) 

220 
POO 
P0204 


B25 
B25 


Tyo 
WF eye & 


25,686 


23,400 dwt 
container 
ship 


Ze 


2670) msl hion 
eee ea @. 


Pape nel) 
10 
iB oils 
pon 


800 
800 


8,750 
5,750 


25 


1. Calculated on an annuity over 18 years at 12% interest 
rate with 350 operating days per year. 


eee Cost for European crews. 


3. All geared medium speed diesels. 


4. Fuel includes lubricating oil consumption. 
Daily port cost includes only port fuel consumption. 


Source: from Gilman's paper [5]. 
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often holding a single vessel, which are formed solely for 
this purpose and domiciled wherever tax, registry, and 
national preference considerations may dictate. They may be 
managed by a professional manager, by a charterer, or by 
both, and they are operated by the best available crews 
under the law of the registered nation. 

Under these complexities problems in deciding the optimum 
ship size will arise. The problems will be described in the 


next chapter. 


eZ 





Il. GENERAL DESCRIPTION OF THE PROBLEM 


For the shipowner the purchase of a vessel is very risky, 
due to the high capital investment, high expenses of opera- 
tion, and the rapid technical progress in shipbuilding, as 
well as the fluctuation in market demand for shipping services. 

Economic analysis should be carried out at the earliest 
planning stage, the so-called preliminary design stage. Figure 
1 shows a simplified flow diagram of a ship design. 

During the preliminary design stage of vessels, many 
technical and economic problems are faced. Technical problems 
are resolved by computer modelling on the basis of the 
builder's own experience but mainly, by an appeal to world 
experiences and the publicly documented results of past re- 


search work conducted concerning ship production and operation 


[Ref. 11]. 


shipowner's 
specifications 


deadweight tonnage 
speed 
draft 






ship economics 
VYeltne ‘or trade 


EELeighe rate 
voyage distance 





preliminary design 


contract design 
EO Owner 


detailed design 


Figure 1. Simplified Flow Diagram of Ship Design 
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The matter of economic problems has, however, another 
facet. The ship research institutions working in various 
countries must work out for themselves their own model of 
ship economics, particularly in that part which concerns 
production technology [Refs. 4,6,8]. 

When modelling a ship's economics, it is necessary to 
identify the economic dependencies appearing in the process 
of production and operation of ships within a determined 
economic system. 

This economic problem deals with the examination of the 
trade in which the ship is proposed by an owner. This 
examination may only be an analysis of existing ships of the 
same group in the trade in order to determine where improve- 
ments could be made and establish the economic relationship 
between factors by using scale economies [Ref. 8]. On the 
other hand, it may be a complete investigation of ship 
Operating economics. 

As far as the shipowner's economic calculations are con- 
cerned, the determination of the components of the costs, 
such as capital costs, operating costs at sea and in port 
over the economic life of the ship, is an important element. 
The basis of the shipowner's economic calculations are the 
results of the following data: 

1. full characteristics of the shipping routes, such as, 
a. set of ports including canal and access routes; 
Bee cutbatweon Of Ghe Found trip corresponding to the 


Ship's operation on the liner or tramp; and 
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Cc. expected number of the voyages per year based 


on the expected volume of trade 


2. characteristics of the set of ports, such as, 


a. average freight rate and value of the cargo carried; 


b. canal charges en route before the port; 


¢c. port charges and cargo handling rates in the 


Ipoiste 


ad. bunkering time in the port; 


and 


Seen tcmecese GOfebasic plight fuel, lubricant, and 


fresh water. 


Using these previous sets of data, one determines costs 


for the required variants of ship operation. 


The decisions about the type and 


size of the ship of 


interest to an owner need to be evaluated under a variety 


of market conditions since the uncertainty about future 


freight market conditions for the cargo liners will affect 


the decision policies. In the real world there is no possi- 


bility of performing comparisons between different forms of 


policies since the market conditions 


the convenience of experimentation. 


cannot be repeated for 


There is also the prob- 


lem of the time-scale required as well as the financial risk 


involved. 

In many shipping services, cargo 
and ships in those trades are denied 
of larger ship sizes. This explains 
seldom exceed 15,000 deadweight tons 


grown to twenty times that capacity. 


dies) 


availability is limited 
the economic benefits 
why general cargo liners 


whereas tankers have 





Because of the large range of possible designs which can 
be derived from a set of requirements, the economic modelling 
itself is of limited value without some method of selecting 
the best design--called the measure of effectiveness. The 
economic criteria, which provide the measure of effectiveness 
of a ship design, have been found by Benford (1968) [Ref. 1] 
and Goss (1968) [Ref. 6]. 

The cost model of this paper will not be used for the 
comparison of the several design alternatives, and will ex- 
clude physical constraints such as port depth and the market 
constraint which is randomly fluctuating over the planning 
MmeciZzon. 

Chapter III provides a general description of scale 
economies in shipping industry in comparison with industrial 
plants, and a general review of the economic criteria for 
the optimum ship design and the theory of optimum ship size. 
Chapter IV presents the detailed optimal ship size theory, 
the estimates of scale coefficients, and the analysis of the 
factors influencing the optimum ship size. Chapter V gives 


the conclusions and recommendations. 
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tit olLteRAbURe REVIEW 


The ship sizing problems with which this work deals is 
one of the applications of economic analysis to optimal policy 
decision-making. In most concrete applications, it is neces- 
sary to know specific parameters describing agents’ behavior. 
The scale economies refer to a long-run planning time hori- 
zon over which all inputs may be varied. A review of the 
economies of scale and the cost functions to represent the 
relationship by defining the simplified input and output 
factors for the above parameters will be presented. The 
second section of this chapter describes economic criteria 
for optimizing ship design by Goss [Ref. 6] and Benford [Ref. 
1]. The third section discusses the various approaches to 
decide the optimal ship size by using cost models of Kendall 
[Ref. 9], Jansson and Shneerson [Ref. 8], and Benford [Ref. 
2]. The last section provides a comparative summary of the 


three optimization models. 


meee SCALE ECONOMIES OF SHIPS 

Economies of ship size have in the 1970's been held up 
as the salient feature in modern shipping [Ref. 8]. The size 
of ships has been increasing very rapidly, leading many ob- 
servers to believe that no limit exists for the optimal 
Size and that there are only exogenous constraints, such as 


restricted port depths and market conditions. 
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To gain some perspective on the issue of ship size 
economies, the general issue of economies of industrial plant 
sizes will be reviewed. 

Haldi and Whitcomb's cost studies [Ref. 7] present evi- 
dence derived from engineering data on economies of scale in 
manufacturing and processing plants. The engineering approach 
was used in their paper since the actual data on the con- 
struction and operating costs of industrial plants are usually 
closely held. Other reasons why accounting data may not 
yield reliable estimates of scale economies were discussed in 
their paper. 

The engineering cost studies point to practically unex- 
hausted economies of industrial plant size, with the main 
factor limiting the growth of plant size being the market 
@eze, Or distribution costs. In general, constant production 
economies of scale is the likely ultimate result. As far as 
pure production is concerned, "the biggest is also the best 
up to a certain output" [Ref. 8]. 

This principle is convincingly illustrated by Haldi and 
Whitcomb [Ref. 7]. Using data collected from a large number 
of engineering cost studies of industrial plants, they cal- 
culated the elasticities of capital costs and labor costs 
Mech erespect to output capacity, or "plant size", by fitting 


a function of the geometric form: 
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where H is plant capacity, Ci. ass and bs are je factor 
costs, a constant and the scale coefficient, respectively. 

The majority of Haldi and Whitcomb's 221 different esti- 
mates of capital cost elasticities fall in the range 0.6-0.8. 
This can be explained mainly by a family of geometric rela- 
tionships that relate the material required for the building 
of equipment to the capacity of this equipment. The amount 
of material required to build containers depends on the surface 
area, whereas container capacity depends on the volume en- 
closed. However, they found that the principle source of 
plant size economies is the saving in labor costs. Of the 
593 estimates for the elasticity of labor costs, 71 percent 
took values below 0.4. There is no simple, neat geometric 
rationale for this. It just appears that big plants are 
markedly labor-saving [Ref. 8]. 

Does this general picture of plant size economies apply 
to shipping? At first glance the geometric relationships that 
account for economies of ship size and the saving of crew 
costs seem to apply to shipping. 

Jansson and Shneerson [Ref. 8] point out that in general 
cargo ships there are offsetting diseconomies to ship size; 
namely, the loading and unloading of cargo which are charac- 
terized by inherently diminishing returns to ship size. Their 
paper concludes that the optimal ship size in shipping is 
determined from a tradeoff between ship size economies at 


sea and size diseconomies in port. 
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Kendall [Ref. 10] indicates that the existence of economies of 
scale in shipping has long been known and that, for a given 
annual tonnage of freight to be carried, the longer the sea 
voyage the more these economies can be utilized. He uses 
the bulk cargo ships as the basis for his optimal ship size 
mmaeory. 

Benford [Ref. 2] also used the geometric functional forms 
as in Jansson's model except he used several different inde- 
pendent variables. The variables considered were the 
material weight, shaft horsepower, speed, and a volumetric 
displacement measure (cubic number) in addition to the ship 
size, i.e., deadweight tons, whereas Jansson's model used 
only the ship size as an independent variable. 

Benford established a detailed technique for investigating 
the economic performance of alternative designs in various 
route environments such as the cargo availability. In this 
sense, the models of Jansson and Kendall can be regarded as 
submodels of Benford's profit maximization model. 

Chappel [Ref. 8] points out some difficulties as follows: 
Although it is necessary to be aware of the input and 
SUeput relationships in ship building, it is not possi- 
ble to incorporate the form of complex technical param- 
eters in the analysis. They are set to one side in an 
approach embodying the ‘black box' concept of opera- 
tions research, in which the relationship between 
complex systems is examined without going into detailed 
operation. 

However, it is fairly well established in the literature 


that for some inputs, such as daily fuel costs, the functional 
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form is Cobb-Douglas (that is, log-linear). Thus, 


ES i) “EP aS aie = 


where C(S,V) is the function of the size, S and speed, V, 
and the positive constants a, a, 8. 

The other cost functions such as the operating or capital 
cost functions are less clear-cut. No particular functional 
form has received broad acceptance in the literature and, 


for this reason, the following alternatives can be considered: 


C(s,vp = as°v® (1) 
Ge) = as” (2) 
C(S,V) = at bS + cV (3) 


where a, b, c are positive constants anda, 8 are the scale 
coefficients. Equation (2) is, of course, merely a bivariate 
mestraction of Equation (1). 

Benford [Ref. 4] uses the arithmetic sum form like Equation 
(3) with variables such as shaft horsepower, a volumetric 
displacement measure as well as the speed and size of the 
ship in his estimated cost functions for the general cargo 
and bulk cargo carriers. 

Jansson and Shneerson [Ref. 8] use the form of Equation 


(2) for all cost functions in the general cargo and bulk 


Za 





cargo ships. Chappel and Ryder [{Ref. 8], and Johnson and 

Garnett [Ref. 9] use the same function for the capital and 

Operating cost in their analysis of container ships. 
Further discussions about the specific cost model from 


uSing the formula (2) will be described in Chapter IV. 


fee eCONOMIC CRITERIA FOR OPTIMAL SHIP DESIGN 

It iS assumed that the shipowner is interested in maxi- 
mizing his profits, therefore, he is interested in the most 
profitable ship design. There are generally several differ- 
ent ways of designing a ship. Yamagata and Akatsu's tanker 
design (1964), Murphy, Sabat, and Taylor's general cargo 
Ship design (1965) as well as Benford (1968), Mandal and 
Leopold's general cargo ship and tanker design (1966), and 
other methods have been introduced in the literature [Ref. 
i). 

All of them may be internally consistent and technically 
feasible but it is likely that one method will perform better 
than the others. Not only do we have many different types 
of engine and hull shapes to choose from, but any given flow 
of cargo can be carried in ships of different sizes and num- 
bers, offering different service frequencies and, possibly, 
different sea speeds and turn around times. In addition to 
these fundamental elements of ship designs there are many 
Minor decisions such as the selection of the type of crane, 


how many to have, and their locations. 
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This section will present the much more elemental one of 
offering a criterion as the measure of effectiveness which 
takes all aspects of the alternative designs into account and 
enabling them to be compared. 

Benford [Ref. 1] points out that economics considerations 
are something of a universal solvent, allowing the engineer 
to weigh the relative merits of design alternatives involving 
different units such as a choice between two engines, one 
heavier but more compact than the other, involves both weight 
and volumetric units. Converting the costs of both units to 
resulting present and future costs allows rational quantita- 
tive judgment. Thus, Benford concludes that a good architect, 
then, must know how to make economic studies and must develop 
his ability to estimate future building and operating costs. 
The finai proposal to the prospective shipowner is presented 
in terms of profitability. Then, how do we measure the 
economic efficiency of the ship that a shipowner may contem- 
plate building? What should be the criterion for comparing 
ship design alternatives? 

The net present value criterion was used by Goss (1968) 
[Ref. 6], not only for determining which of two or more 
alternatives should be selected, but whether any of them should 
be built at all; and if so, whether the construction should 
be started now or postponed until some future date. This 


criterion is applicable to liners, tramps and tankers. 
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iP. 


Goss [Ref. 6] suggests the following criteria: 


What will be the gross benefits over the ship's economic 
life? In the simplest case this is the gross earnings 
of the ship. But where the ship 1s operating as part of 
a liner service then there may be some effects on the 
earnings of other ships in the same ownership and these 
must be taken into account. Either way, the figure 

the shipowner needs is the difference between what the 

revenue would be with the investment and what it would 

have been without it? 

What is the cost of the ship? This can be divided 

Pat @mtwiewParusts ; 

a. Initial costs as capital costs may include some 
elements which an accountant would not normally 
recognize as capital such as the special training 
for the crew or the stand-by senior officer during 
the building period. 

b. Operating costs include fuel, wages, store and 
provisions, insurance, maintenance and repair, 
port charges, etc. 

What is the economic life of the ship, either where the 

alternatives are to scrap the ship or to sell it? 

Because the second-hand values are usually based on 

the estimated profitability of the remaining ship's 

life, the final decision preferring one to the other 


will not make much difference except for highly 
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Specialized ships. It is usually assumed that all 
ships are retained until scrapping. 

4, What is the distribution of estimated revenues over 
the estimated life? The distribution of earnings 
throughout the ship's life cannot be assumed to be 
Senstant. Ine addation, any rising or falling trénd in 
the supply-demand position for the type of ship under 
consideration may affect the freight rates and the load 
factors in the liner trades. 

5. What is the distribution of the estimated operating 
costs over the ship's expected life? The operating 
costs may also rise or fall over the life of the ship. 

Goss shows that the answers to all these questions can 
be stated in terms of time and money such as Net Present 
Value, but with some practical difficulties. The difficulties 
_ are the general shortage of cost data, no indication of 
short-run opportunity cost, and differences between operating 
individual ships and operating a fleet. 

On the other hand, Benford [Ref. 3] and Nowacki [Ref. ll] 
present five ways to express profitability of the investment 


for the comparison of ship design alternatives: 


1. Capital Recovery Factor 


CRF = 


ro) > 
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where A = R-Y¥ 1S average annual returns , R is the average 
annual revenues over the economic life of a ship, Y 1s aver- 
age annual operating costs, and P is the invested costs. 

CRF is of usefulness only where revenues are pre- 
dictable, returns are uniform, and the length of lives for 
alternative ship designs are equal. This criterion would 


choose the alternative with the highest value of CRF. 


2. Returned Interest (or Yield) 
R= CR 
where 
x ei ee eS 


Cae eal 


is the capital recovery factor for given life of a ship (n 
years) and the owner's interest rate, r, P 1s the investment. 

When the predictable revenues and costs are known but 
the lives differ between alternatives, this 1s a good measure 
of profitability. The CR can be converted to an equivalent 
ice Of return. 


3. Net Present Value Index 


P 
where 
° -i 
NPV = ) A,(l +r) -P 
i=o 2 


x 
Before-tax and after-tax for all criteria were not used 
mee Simplicity. 
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regarding all cash flows which include the annual returns 
in year i as A., the initial capital cost as P, the life of 
the ship as n and the interest rate as r. 

This is more useful than the NPV criterion since 
the highest net present value may mislead the decision maker 
when the capital is limited because he tends to favor the 
bigger investment. 


4. Average Annual Cost 
AAC = Y + CRP 


where Y is the annual operating costs, CR is the same as the 
second criterion and thus CR-P is the annual cost of capital 
recovery to the investment P. This criterion is useful where 
revenues are unknown and approximately the same for all 
designs. 


5. Required Freight Rate 


where AAC is the average annual cost, C is the annual trans- 
port capacity, in deadweight tons. 

This is a measure of benefits where revenues are 
unknown and cannot be assumed to be the same among design 
alternatives because of differences in transport capability. 
The alternative with the lowest RFR is desired. In the bulk 


trades where cargo is relatively unlimited, different possible 


75 |) 





ships may promise varying annual transport capabilities. 

In such cases the NPV and AAC criteria mislead the decision 
making. This RFR is the rate that the shipowner must charge 
his customer if the owner is to earn some reasonable return 
on his investment. 

This criterion can be used to find the minimum re- 
quired freight in the cost model of this paper as a guide to 
the expected minimum required rate for a specified ship. 

The advantage of having a single measure of effec- 
tiveness is that it facilitates the overall modelling for 
optimization studies by computer. The use of optimization 
methods in ship design has proved very valuable in the 
literature [Refs. 2,11]. 

In the next section the theory of optimization for 


the selection of ship size will be reviewed. 


See 2HoORY OF OPTIMAL SHIP SIZE 

Of the general problem of optimizing ship design, the 
Subproblem of optimizing ship size has received the largest 
Share of attention in the literature. Some of the contribu- 
tions are Benford (1968), Heaver (1968), Ericksen (1971), 
Goss (1971), Kendall (1972), and Jansson (1978) [Ref. 8]. 
This concentration of analysis may be explained by the fact 
that other design variables exhibit little variation once 
the size of a ship is fixed. On the other hand, the wide 
variations in ship sizes between different types and the 


tremendous growth in ship sizes of all types during the last 
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two decades has stimulated researchers to look for a syste- 
matic explanation of the factors influencing the size of 
Ba pSs. 

If the cargo base is large enough not to impose a con- 
straint on the choice of ship design and frequency of shipping 
service is enough for changes to have little effect on the 
costs of shippers, the optimal ship size for a particular 
route is defined, by Kendall [Ref. 10], and Jansson and 
Shneerson [Ref. 8], as that which carries cargo of a given 
composition at the lowest total transport cost to the ship- 
owner per cargo ton in the long run. This criterion will not 
necessarily be the same aS minimum cost over the economic 
life of the ship if the unlimited cargo availability and the 
effective operation by the shipping operator are not assumed. 
Based on the limited cargo availability and/or other pre- 
dicted fluctuations such as seasonal effects, Benford [Ref. 
2] defines the optimal ship as the one that has the lowest 
Required Freight Rate under the assumption of a constant 
freight rate over the life of the ship in his paper. 

The basic costs are composed of the capital costs, and 
Operating costs at sea and in port in the models of Benford, 
Kendall, and Jansson and Shneerson although the detailed 
components of each cost category are different for each model. 
The detailed cost components will be examined in Chapter 


LV. 
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Kendall [Ref. 10] suggests that the volume of trade, 
length of route and value of the products are the primary 
determinant of ship size and sailing frequency to a port. 
Kendall asserts that the ship~-based investment for the 
development, operation, insurance and servicing of large 
oceangoing vessels is now being approached by the port-based 
investment for the cargo handling, storage, and the harbor 
works to accommodate them. 

Kendall's model, especially, accounts for the effects 
on costs of cargo composition and storage under assumptions 
which will be outlined in the next section. The economies 
of the size at sea always exist whereas the port economies are 
Meee simple functions of the stocks of product held on the 
quayside. 

If the capital investment and other holding costs of 
these stocks are included, a realistic balance is found to 
exist, depending nct only upon the volume of product but 
also upon its value. This is one reason that the lower value 
of the product such as coal, iron ore, or grain are carried 
in the larger bulk carriers. Based on Kendall's model, the 
appropriate size of the ship should change annually on most 
routes. This would militate against ownership of the vessel 
by the shipper or receiver, but would encourage chartering. 

The theory of Kendall's model does not concern itself 
with the optimum ship size in the sense of capacity, but is 


concerned with the trading requirements of specific routes 
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Carrying certain products particular distances whereas only 
the cost function of ship's time was used as Jansson's model. 
Thus the port is in a much stronger position to determine its 
future requirements of channel depths, quay and lock capaci-~ 
ties, and quayside storage capacity for bulk cargo with 
consideration of macroeconomics in the shipping industry. 

Jansson and Shneerson [Ref. 8] use a long run cost anda 
production model derived from marine engineering principles 
to establish the economies and diseconomies of the ship size. 
Their estimates of the scale coefficients were obtained by 
the application of the regression technique with cross- 
sectional accounting data.. This model uses a geometric rela- 
tionship between capacity and ship size, and between costs 
and ship size based on Thorburn's engineering study (1960) 
[Ref. 8]. The study of Goss [Ref. 6] and others for the time 
cost of the ship supports the estimates of Jansson's model. 

This model can be used for general cargo and dry bulk 
Carriers in the liner trades, but can be applied for container 
ships and tankers with different values of the parameter. 
In fact Johnson and Garnett (1971) [Ref. 9] use the same 
functional form as Jansson's model for capital and operating 
costs, except fuel cost, in container ships. 

Benford's model [Ref. 2] for general cargo ship allows 
for the selection of the most economical general cargo liner 
by the measure of effectiveness, RFR. This model evaluates 


the RFR under various circumstances such as seasonal 
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fluctuations, constant long term availability of cargo, various 


conditions of voyage, and high sea speed. 


D. SUMMARY 

Table 3 summarizes the ship size optimization models 
which have been discussed. It is noted that there is no 
uniquely accepted model of ship size optimization since each 
shipowner or shipyard has various cost structures to produce 
and operate a certain type of ship. Thus, in the remainder 
of this paper, attention will be restricted to the optimal 
ship size based on Jansson's approach under the known route 


characteristics and unlimited cargo availability. 
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IV. PROBLEM APPROACHES 


A. FORMULATION OF THE PROBLEM 

To create the maximum possibilities for making economic 
profits involved in the future production and operation of 
the ship, the optimal size of the ship can be determined by 
minimizing total lifetime costs per ton at sea and in port. 

To minimize the total costs per ton in every aspect of 
shipping service, the objective function must be the total 
cost function which relates the size of the ship to speci- 
fied route characteristics and market constraints. If the 


market condition can be assumed to be constant and enough 


cargo 1s available, then the problem is to find the economi- 


cal ship size with minimum total transport cost per ton at 


sea and in port. 


The two distinct measures of a ship’s output are defined 


Bor this objective as: 


The handling capacity (Hj), which equals the amount of 
cargo that can be loaded into or discharged per unit of 
time. The unit of measure of H] 1s deadweight tons 
loaded or unloaded per hour. 


Piewniaulingecapacity (H5), which equals the size of the 
eee that is the holding capacity (Ho), multiplied by 


ship speed (V). The unit of H, is used as deadweight ton- 


Miles per day. The hauling capacity can be defined as: 


H = H.-V (4) 


Total costs per deadweight ton are composed of two 


separable parts, costs per ton at sea and costs per ton in 
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port. For this a complete output of shipping service must 
include the loading of a cargo at a port i, the hauling from 
fie pert 1 to port 7, and the unloading of the cargo at port j. 

By this approach the total transport costs can be divided 
into two main categories: so-called ship's time costs or 
time-proportional costs and cargo costs. The cargo costs 
eee by and large proportional to the quantity of cargo [Ref. 8]. 
A miles-proportional cost which relates to the voyage dis- 
tance, such as the fuel cost at sea, can be regarded as the 
time-proportional cost at a given speed. The time costs 
incurred per day at sea and in port are not of the same 
nature. The cost of fuel is the most important cost only 
at sea and lay-time proportional port charges are only in 
port whereas some of the operating costs, such as the crew 
wages are related both at sea and in port. 

For the notational convenience the factor costs incurred 
only in port are ordered from 1 to k, those that are incurred 
both in port and at sea from k+l to n, and those incurred 
only at sea from n+l to u. Therefore the total time costs at 
sea and in port, and total cargo costs can be defined as follows: 


Total time cost per day in port (TC, ): 


ror 1 = le Ls <a 8 
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Total time cost per day at sea (TC,) : 
} 
ne = GS) (6) 
i=k+1 + 
meee 2 = K+1,..-,N,eee,U 
fecal Cargo Cost per ton of Cargo (TC,) : 
k 
We, = 2 g, (S) (7) 
i=l 
for 1=1,...,k, where S is the ship size in deadweight tons, 


£.(S) is the function that relates time costs to ship size, 
and g, (S) is the Oe Sang@mcest bel EO, 

To transform daily port costs to costs per ton, divide 
TC, by the handling capacity in tons loaded/unloaded per 
hour Hie and multiply by effective working hours per day p. 
The resultant cost should be multiplied by two, since each 
ton of cargo is handled twice in both ports to obtain the 
handling cost per ton. 


Handling cost per ton. in port (C)): 


2-TC, 


Hl pH, (S) 


1g) 


2) £, (S) 
7 1=1 (8) 


Se 
pH, S) 
Similarly the daily sea costs can be transformed. Divide 


TC. by the hauling capacity in ton-miles per day H and the 
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cargo balance factor 2%. This yields the costs per cargo 
ton-mile. Then this is multiplied by the round trip distance 
D miles to get the hauling cost per ton of cargo on the 
specified route. 


Hauling cost per ton at sea (C5): 


D-TC. 


Da tees) 
i=k+1 + 
LH, (S) 


feeeso che cargo balance factor (1 < 2 < 2) is defined as 


me ECuo ave lumcmor Cango On Doth. legs 


volume of cargo on the fat leg 


Clearly, the cargo cost per ton increases linearly with 
the increasing of the size of the ship because the more- 
Carried products need more spaces, so that the investment in 
the quay side and the interest cost for the cargo must be 


increased. Thus, 
e = ) g. (Ss) (103 
The total cost per ton of cargo becomes: 


TC(S) = Cc, (S) + C, (S) + C,(S) la) 


ay 





Shipbuilding and marine engineering cost studies [Ref. 
8] have shown that a geometric function is the most suitable 
form for expressing the relationship between handling and 
hauling capacities, and costs to the size of the ship. 


This model includes design parameters Hos Hy and V which are 


too ambitious in view of the limited knowledge of the rela- 
tionship between ship design and shipping costs. However, a 
Simplification is afforded by reducing the many design param- 
eters to the most important one--the holding capacity which 


is the ship size. Then the two capacities can be written: 
H =i alas CEZ) 
el ee gas (ale) 


where Ay and h. are design parameters that vary among ship 


types. Ey and E. are the output elasticities of two capaci- 


ties with respect to ship size. The proportionality coeffi- 


cient Ay is different across ship types and varies by exogenous 


meaetOrs, such as cargo composition, port capital and labor 


productivity. Likewise, ha is a design parameter which re- 


lates to a stowage factor that varies by ship types 


* 

Shipping factor costs on the basis of marine engineering 
principles and testing of this relationship statistically 
emanates from Thorburn's study, Supply and Demand of Water 
Transportation, the Stockholm School of Economics, 1960. 
Jansson and Shneerson extended the relationship in "The 


Secign Of Liner Shipping Service", Maritime Policy and 
Mgeeagement, v. 9, no. 3, 1982. 
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The ee factor cost per day, £.(S), which relates the 


ship's time costs can be defined: 


Si 
£,(S) - P;q,;8 (14) 
wiela 
Meee = 1L,.ee,yKy eee yMypoee,U, Where Ps 1s the 1 actor price 
e. 
and q,s represents the oe factor requirement per day. 


Substituting the Equations (12) through (14) into Equa- 
tions (8) and (9), the total transport costs per ton for D 


Nautical miles of a round-trade route are: 


n e,-E) u e ~E, 
2) pa, D ) p,4a,s 
Tc(S) = 1 it i=k+1 
ph, aed) 
ee 
+ |O 52 heute (15) 

ig 

Stee. ww pK, ese. 7N;,s.s,U Eactors. 


The optimum ship size can be found by minimizing the 
total costs per ton in port and at sea, TC(S) under the given 


assumptions. 


PeeeeeoliIMATES OF THE SIZE ELASTICITIES 

The hypotheses on elasticities are based on marine 
engineering principles. These estimates have been computed 
by Thorburn (1960), Heaver (1968), Goss and Jones (1971), and 
Jansson and Shneerson (1982) [Refs. 6,8] by using the follow- 


ing technical principles. 
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PO Uepucr in Lace Lele Les, Ey and E. 


Based on the above assumption, handling capacity 
(handling speed) 1s proportional to the length of the ship. 
Since the dimensions of the ship, such as length, beam, and 
draft, are in constant ratio to one another, the handling 
capacity Hy, becomes proportional to the 1/3-power of ship 


size [Ref. 8]. 


eS 


where S is the deadweight tons of a ship and hy 1S a propor- 
tional constant depending on a particular ship type. 

The relationship between handling capacity and ship 
size was estimated by applying regression analysis on cross- 
sectional data. 


Handling speed, Hy can be written as: 


. Tt = ago is the time spent in port and a, b are estimated 


by the log-linear form as in Table 4. Table 4 shows that 
Ey = l-b has the values from 0.19 to 0.24, so that this 
supports the 1/3-power rule. 

The elasticities of handling capacity based on the empiri- 


cal results ina typical port is not a conclusive one since 


the time in port may be affected by random components, such 
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TABLE 4 


Regression Results of Times in Port on Size by Jansson 


HOGuieue= “OG a 7 b log S 
2 
data type og 7c b R E Range of Ey 

A Oso Om 7.6 02238 0.24 

(One) 

Ones E, Soo es 

B =i 63 Oras 0'S 0.54 21g 

FOr 0 7) 


sources: 

Pee Sampled from fully loaded citrus fruit cargo ships in 
Haifa and Ashdod, Israel during 1969-1970, 156 observations. 
Si eclrereren. sizes Gf vessel from Shipping Report, The 
Israel Citrus Marketing Board. 

B. Sampled from 80% dwt loaded general cargo ships in 


Haifa in 1972, 122 observations from Statistical Report 


Selatea POrt Authority. 


“Bach arrival is taken as one observation. Homogeneous 
commodity was chosen to exclude variations in handling speed 
by type of commodity. The number in parentheses are the 
standard deviations. 


41 





as port congestion, strikes, and some political action. This 
is the reason why the general formula between handling capacity 
and ship size might not be accepted across all countries in 
the shipping world. However, the author accepts this formula. 
The "1/3-power formula" was confirmed by the samples of Jansson 
and Shneerson, and 1/3 can be taken as an upper limit of the 
size elasticity. 

To determine an optimum ship for a specific purpose, the 
handling size elasticity must be measured individually by a 


E 
shipowner and Equation (12), H, = h,S I Gane use 0s By SeOmoce 


1 a 
The standard error of the estimates was considered to select 
this range. 

A high design speed is very costly, both in terms of 
required horsepower and in terms of fuel consumption. However, 
to achieve a certain speed the required horsepower is less than 
proportional to ship size, so that the hauling speed is expected 
to increase with ship size for a proportional change in horse- 
power. This phenomenon can be explained by the principle 
that the resistance of water against the ship's hull does not 
increase at the same rate as the volume of the hull. According 
to a naval architect's rule of thumb based on the Thorburn's 
study (1960), the design speed should increase by the square 
meee ot the length of the ship. In shipbuilding, this old 
rule-of-thumb is called the "inch-rule" which implies design 
speed is a function of deadweight tons to the power of 


io ~ 0.16. 
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The inch-rule formula was tested on the samples in Table 


eine qeneral Cargo, container ships and bulk cargo carriers 


sampled from World Ships on Order (1980) seem to follow this 


TADLE 5 


Regression Results of Speed on Size 


Data Type Log a 
A de 
B ae 
‘onl ORGS 
e2 0.4 
| C3 OS i 
Seurces : 


A. Sampled from 
observations 
B. Sampled from 
Feb. 1976 by 
=a campled from 
Cl is 50 dry 


Cots 50 Gry 


leoGaver— log alt 5 log S 

b Re E Range of E 
2 g 2 

0.16 0.42 i ieee 

(0.04) 

0.16 0.54 1.16 

(0.026) 

O2Ls 0.40 1e3 seas E. Selec 

((On0'> 15) 

Or OZ 2 

(0.046) 

0.06 0.29 EOL 

COR Cz 3) 


Wome Ships son Order, Feb. 1975. 50 
by Jansson. 

JIL Cargo Ships Of Zim Nav. Co., 
Jansson. 

Womlawonmes On Order, Feb. 1980, by author. 
cargo ships, C2 is 50 container ships, 


bulk Carriers. 


43 





Bee, eeUL uicGearsy bulk Cargo Ships do not yield a correlation 
between the design speed and ship size. Generally the bulk 
cargo ship mainly has the speed range from 12 up to 16 knots 
whereas the general cargo or container ships have 12-22 knots. 
E. of the bulk cargo ship can be taken as the lower limit of 


the size elasticity. 


tne hauling, Capacity, H. can be written as: 


Jaleo: 


if V = ae is the design speed and a, b are estimated by 
the regression technique. Similarly, hauling size elasticity 
from the inch-rule formula can be measured and Equation (13), 


E 


be 2 
H = hos > Gag sie BE E. 2. 


meee COSt Elasticities, e724 

Based on the Benford [Ref. 3], Kendall [Ref. 10], and 
Jansson [Ref. 8] models the transport costs are composed of 
four categories: (1) capital cost is an annuity of purchase 
cost of the ship; (2) operating costs include the crew wages, 
stores and provisions, insurance, and maintenance and repairs; 
(3) fuel costs for the propulsion machinery at sea; (4) cargo 
costs include the insurance of the cargo, its interest during 
the voyage and its storage costs in port for the cargo carried. 


Table 6 presents the estimated cost elasticities from 


@m@esstudy of Thorburn (1960), Getz et al (1967), Heaver (1968), 
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TABLE 6 


Elasticities of Costs with Respect to Ship Size 


SiGe) Capital Operating Fuel Cargo 
Type Cost (e,) Cost (e,) Cost (e,) Cost (e,) 
Tramps Od 4 0 

etnorburn ) 

biner 5 (8 ro 

(Getz et al) 

Dry Bulk cd 4 8 

anil er 


(Goss et al) 

Bey Bulk 2655 ghlsd wee T.30 
Garrier 

(Jansson et 

al) 

Dry Bulk 5 eS 
Carrier 

(Gentle 

et al) 

Container Be53 
(Gentle 

et al) 


Tanker 6 45 6 
(Heaver ) 


Goss and Jones (1971), Jansson and Shneerson (1978), and 
Gentle and Perkins qugie2).” (Refs. 6,8]. 
a. Capital Costs 
The main components of capital cost are the hull 


and the propulsion machinery. The hull cost is divided into 


* ® 

Not available whole results from An Estimate of Operating 
Costs for Bulk, Ro-Ro, and Container Ships, information paper 
4, BTE, Canberra, 1982. 
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hull structure, outfitting, and hull engineering costs. 
Capital costs might be underpriced in the early years of a 
new system, such as containership, partly because of under- 
estimation in ship building costs and a desire by shipbuilders 
to gain a recognized place in an important new market. This 
can result in heavy losses, as has occurred recently in South 
Korea. The long-run opportunity cost of the capital invest- 
ment was used as the economic measure of the cost of ship's 
time. Thus the capital charges were taken from an annuity 
equivalent to the capital cost of the ship and extending over 
its life. The rate of discount employed in the analysis is 
usually 10 percent, but the average historical rate of return 
of a shipowner or minimum desired rate of return might also 
be used. 

Based on the above considerations Benford (1968) 
[Ref. 4] has estimated the size elasticities of the labor 
inputs from 0.75 up to 0.8 with respect to the steel weight 
moemull construction. Ericksen (1971) [Ref. 8] quotes that 
size elasticities of material weights with respect to ship 
Size exceed 0.8. 

Jansson and Shneerson (1978) [Ref. 8] use the 
shipbuilding rule of thumb which makes the horsepower (HP) 


proportional to the 2/3-power of the ship size multiplied by 


* 

"The Koreans and Japanese are making life diffulct 
both for themselves and everyone else by cutting prices as 
much as 25% for new ship construction," from The Wall 
Street Journal, 30 March 1983. 
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the cube of the design speed as far as the propulsion 
machinery is concerned. That is, HP = a6-/-v~. where ais 
the positive constant. 

Given the speed, the cost savings in horsepower 
per deadweight ton can be realized by the decrease in con- 
struction costs of the machinery per unit capacity. According 
to Chapman (1969) [Ref. 8] the elasticity of the capital 
cost of a diesel engine with respect to the brake horsepower 
equals 0.614. Benford (1968) [Ref. 4] gives a formula in 
which the capital cost for the machinery is proportional to 
the shaft horsepower raised to 0.6 power. 

The "2/3-power rule" for the shipbuilding rule 
of thumb was confirmed by Jansson and Shneerson (1978) [Ref. 
8] as in Table 7. Recently Gentle and Perkins (1982) have 
estimated the size elasticity of capital cost for the con- 
tainerships as 0.853. This can be used aS an upper limit 
of size elasticity of capital cost in the model. Therefore, 
the size elasticity of the capital cost with respect to ship 


eeemiias a range of 0.6 < e, < 0.85. 


iL 
b. Operating Costs 
The operating costs consist of the crew wages, 
insurance, maintenance and repair, and port costs including 
canal dues. The port costs have been considered as an operating 
cost or have been assumed to be zero since the costs of port 


services is continually changing and it is difficult to 


establish the functional relationship. Goss [Ref. 6] discussed 
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TABLE 7 


Regression Results of Costs on Size by Jansson 


vegucus=— Og au- bo log S 

hactor 3 
Cost iO Cpe b R e)7&, range 
Capital 1 O2627 02655 0.34 e655 Ono 02 5> 
Cost, $/day (0.088) 
Operating 5 OL 0.43 0.41 0.43 Oe ors 
Gest, >/day (O52 0:9)) 
Fuel gost Oey EMS) OieaE2 0.74 Oey) 2 Ono = So 
o/day COm07/) 
Sargo (port) a er 8, a= 
Cost, S$/day 

Sources > 


Sapital costs, sampled from Shipping Statistics and 


meoneomles, H.P. Drewry Ltd., 50 dry bulk carriers built 
mm 1976/1977. 

Operating and fuel costs, sampled from the Zim Nav. Co. 
(Israel) accounts of 34 ships in 1976. 

The result of the regression was not given in the 


Jansson's model except the ey value. 
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in detail the difficulties to compute these time-related 
Gests, but the concept of long-run opportunity cost of a 
ship's time was used. In addition to that the crew costs 
are usually assumed to rise at a rate of 3 percent in real 
terms relative to other costs. The rate of discount for 
annual operating costs can be taken as well as the capital 
Cost. 

Benford (1968) [Ref. 4] estimated the cost of 
deck crews, which 1S proportional to the ship size raised to 
the 1/6-power, and the cost of engineering crews, which is 
meeporcional to the 1/5-power. Ericksen (1971) [Ref. 8], 
however, gives the elasticity of the crew with respect to 
Ship size as 0.1 for container ships and 0.03 for tankers. 
Jansson and Shneerson (1978) [Ref. 8] confirmed that the 
size elasticity of crews is of little importance, such as 
OmOS: in the dry bulk carriers. 

The size elasticity of maintenance and repair 
costs is the same as that of the capital cost according to 
Jansson and Shneerson (1978) (Ref. 8]. Benford (1968) esti- 
mates the maintenance and repair costs which are proportional 
to the ship size raised to the 2/3-power. 

The size elasticity of insurance is higher for 
very large ships than for ships of moderate size. Benford 
(1968) [Ref. 4] uses a formula where the cost of insurance 
is proportional to the amount of capital costs. Gentle and 


memxins (1982) point out a difficulty in modelling this cost 
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because of variations in the profitability of the market, in 
the commodity carried as cargo and the route, or in the 
insurance coverage. Ericksen (1971) [Ref. 8] estimated 0.7 
as the size elasticity for container ships and 1.25 for 
tankers exceeding 100,000 dwt. Thus the size elasticity of 
insurance, 1.0, can be a good approximation. Since the fore- 
mentioned cost items are a very small amount, like 1 percent 
or at most 10 percent of the capital costs, the effect of 
each item is modest. 

Port costs include port charge, pilotage, custom 
fees, tonnage tax, stevedorage, tug service, and cargo 
handling charge. Benford (1968) [Ref. 4] uses the port costs 
excluding the cargo handling and terminal use charge because 
it is the same for all alternatives. Kendall (1972) [Ref. 
10] accepts the diseconomies of port costs to ship size, but 
excludes the port costs because of the difficulties in estab- 
lishing a functional relationship. His model assumes that a 
fairly constant cost per ton over a limited size exists 
whereas the significant discontinuities may occur when the 
ship exceeds a certain size. However Benford, and Jansson 
and Shneerson use the port costs which are separate from the 
Opérating costs. Their study estimates the elasticity, 1.0, 
which is proportional to ship size. Each port is dealt with 
as a different size elasticity, but this paper accepts the 
Size elasticity as 1.0. The port costs are composed of various 


costs due to the different port operation policies. 
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In Jansson's model the operating costs except fuel 
at sea and port costs are regressed with respect to the ship 
size by using a log-linear form. Therefore, the size elas- 
ticity of operating costs except fuel and port costs has a 
mange of 0.3 < en < 0.6 from Tables 6 and 7. 

c. Fuel Costs 

Fuel consumption was found to be proportional 
to the installed horsepower of the ship in the studies of 
Thorburn (1960), Heaver (1968), Benford (1968), and Goss and 
Jones (1971) [Refs. 4,6,8]. This implies that if the design 
speed is held constant as ship size increases, the partial 
relationship between fuel consumption and size can be des- 
cribed as follows: 


Ves 


Fuel consumption = (deadweight ton) * 


The studies by Heaver (1968), and Goss and Jones 
(1971) support this relationship. It is noted that no two 
ships consume fuel at the same rate even in sisterships 
because the actual physical operation of a vessel, and the 
level of crew training, as well as hull or machinery condi- 
tion, are different. Furthermore, despite the drastic changes 
in fuel costs that have taken place, the size elasticity has 
stayed very much the same between Table 6 and Table 7. Thus 
the size elasticity of fuel cost with respect to ship size 


can be 0.6 < eC, S Tiss @ 
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d. Cargo Costs 

If the shipper operates his own ship, the cargo 
costs must be considered in order to decide the optimum ship 
size. If the magnitude of cargo cost is negligibly small, 
this cost category can be assumed zero as in Benford and 
Jansson's model. 

The cargo costs include the invested costs for 
storing the products carried, operating costs for the facility, 
and interest cost of the money invested in the cargo during 
the carrying and storing of the products. Since the costs 
for the cargo are not discussed in the literature, this model 
will also assume the cargo cost zero. The size elasticity of 
cargo cost, 1.0, which is proportional to the ship size, was 
estimated by Jansson and Shneerson. The cargo costs are 
different from each port, so that the cargo costs should be 
Calculated separately for each port as well as the port costs. 
Therefore, the model may use different scale coefficients for 
each port costs and cargo costs. This model chooses the 
Size elasticity, <i PUmEOmmoomt COsotSeas Ene Cargo COSts. 

e. Summary of the Estimates 

The size elasticities of the output capacities 
(E,,E,) and the costs (@) 1251203724) of this model can be 
Summarized from Tables 4, 5, 6 and 7 as follows in Table 8. 

The reader should be aware that the results in 
Table 8 come from a variety of different models and some of 


the empirical results did not have an exceptionally high 
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TABLE 56 


Summary of the Size Elasticities 
Of Enew@utout and Cost 


Ship Type E 1B e e e e 


Bry bulk Or nae Ona 0.4 On? 150 
cargo carrier 


General Cres a earea | Ome? 0.4 Oey ie 
cargo ship 

Container One > leeZ OzG5 0.4 Oe? 10 
ship 


multiple correlation coefficient, so that the analysis of a 
shipowner should use his own results based on his experience. 
Therefore this summary is not conclusive, but can be a guide 
for deriving his own results. 

Recently Jansson and Shneerson proposed that 
the containers of the liner trade in multiport operation 
Might use the "square-root approximation" which is that 


e,-E = 0.5, i= 1,2,4 for average size elasticity of the 


Jt 
handling costs per ton, and that e,-E, ==-0.5, 1= 1,2;3 
for average size elasticity of the hauling costs per ton- 
Mile. This is based on their estimates that Ey = 0.2, 

E, = 1.16, e 


= Ur. OD, =S0e4s mcs = UO, 72, and €, = 1.0. 


2 i 2 3 4 
If the estimates of e., seeks 4 ard Eas 
i = 1,2 are inserted explicitly into the total cost function, 


Equation (15), the final formula for this model will be: 


2) 5 





e_-E e_-E e,.-E 
ve 2 Il. 1 2 i 4 Ak 
TeCS) = ph, ‘P1715 + p5q,S + p,q, ) 


e,-E e,-E 


-E 
D 17®2 2 Eo 
i th, (P1q,8 + P2995 Dal 


e 
3 2) 


Since the model assumes the zero cargo cost, the 
faet term drops out from Equation (15). From Equation (16) 
the handling cost per ton increases with the ship size be- 
cause the differences e,-E), i = 1,2,4 are all positive 
values, and the hauling cost per ton decreases with the ship 


size because the differences e,-E 1 = 1,2,3 are all nega- 


a 
tive. Therefore the optimum ship size for a given route is 
obtained by trading off economies of size in hauling operations 
and diseconomies of size in handling operations. In the next 
section the model will be verified with data from Gilman's 


paper [Ref. 5] and the effects of changes in route character- 


istics and factor costs will be examined. 


Se ANALYSIS OF FACTORS AFFECTING THE OPTIMUM SHIP SIZE 

The optimum ship size is found at the point where the 
Slopes of the handling and hauling cost curve have the same 
Value; that is, the point of minimum total cost per ton. 
Figure 2 presents the optimum ship size as determined at the 
minimum point of the trade-off between the handling cost per 
ton and the hauling cost per ton. Avopendix A provides the 
computer program to find the optimum ship size with speci- 


fied route characteristics and a shipowner's economic 
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Figure 2. Optimum Ship Size 
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calculations. Appendix B provides the mathematical formula 
for economic calculation. 

From the previous chapter the range of the estimates vary 
even for the same type of ship because of the different 
shipping service such as a liner or tramp, different ship- 
owners, and geographical regions. Once these characteristics 
are determined by the estimates in a predetermined economic 
system, how do variations in route characteristics and factor 
costs affect the optimal ship size? 

The effect of changes in the following route character- 
istics and factor costs will be examined: 

Bound trip distance, D; 

Ganoe handling rate in port i, pihy: 

cargo balance with hauling capacity, thai 

Sapital cost; 

operating cost; and 

fuel cost at sea; 
where P; is the number of working hours per day in port "i", 
but this model assumes two base ports with the same character- 
istic, £ is the cargo balance for a given route. The port 
costs are excluded in the analysis because of the lack of 
reasonable cost data and correct estimates of the size 
elasticities of base ports. 

Using 14,600 dwt conventional cargo ships as the refer- 
ence ship from Table 2 in Chapter I, if a shipowner intends to 
mama Or charter a similar type of ship, the factor costs 


Can be estimated as: 
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Capital factor cost for the selected ship is computed 
Or.«) ; 

from P 4,5 =o 6 O et hnem Pid) = $4.41. This 

computation is based on the size of the reference ship, 

S = 14,600 dwt and the value of the estimate, e, = On 

Similarly operating factor cost P5d5 = $39.46 from 


445 °°" co ance nuel factor cost P393 = Ware od 


iScereyaal p,a,8 7’ = $1,899, and the modified port factor 
cost p,q, = S10Pa Ol en ab aceyyr P4d,S = $900 under the assumption 
er 2900 port cost per day. 

The route characteristics are assumed for the analysis 
based on Gilman's paper [Ref. 5] in consideration of the 
current status of the shipping industry in the developing 
countries: 

Round trip distance D = 8,000 miles, cargo handling 

mate in port of pyhy = poh, = 400 tons per day, and 

the cargo balance factor ££ = 1.8 based on the 0.8 for in-. 
bound leg and 1.0 for outbound leg. Using cargo stowage 
maceOor 2.85 cubic meters per ton for general cargo, 
hauling capacity ho canbe estimated as ho = 100 and 


tha = 180 because 35.31 cubic feet equals 1 cubic meter. 


1. Round iliga ye Distance 


Ship size increases with distance since the increase 
@en) in Figure 2 shifts the hauling cost curve proportionally 
upward. Therefore the hauling cost curve moves upward, and 
the minimum point of the total cost curve moves to the right 


towards a bigger size. Figure 3 and Table 9 show that the 
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Figure 3. Optimum Ship Size as a Function of Distance 
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increase of the optimal size is proportional to the increase 

of the distance. The magnitude of the proportionality de- 

pends on the difference between the port costs in handling 

costs and the fuel cost in the hauling costs of the model. 
The cost per ton as a function of the round trip 


distance D is described as: 


TC(S) = g,(S) + Dg,(S) , (17) 


where g, (S) is the sum of the handling cost per ton and cargo 
cost per ton, but this model includes only the handling cost, 
and g,(S) 1s the slope of the cost line which is the hauling 
cost per ton-mile. Given a ship size, cost per ton is a 
linear function of distance with the slope g,(S). It is well 
known that the freight rate per ton of a particular commodity 
decreases as the transport distance increases. That is, the 
freight charge increases, but less than in proportion to the 
distance. Figure 4 shows that the freight curve can be viewed 
as an envelope that is tangent to four different cost lines 
Si tame optimum ship which has 4,000, 6,000, 8,000, and 10,000 
miles for D. The longer the distance, the flatter the cost 
line is. Hence the greater the distance, the larger the 
optimal ship will be. 

2. Handling Rate in Port 


An increase in p or h, will shift the handling cost 


ul 


curve proportionally downwards so that its slope becomes 


39 





DOLLARS/TON 
e 





4000 S808 6000 7900 8000 9000 10000 100@ CeO 13000 14000 
MILES 


S2*=12000 OWT 
4 = $5*=500 OWT 
+ 3 349=20000 DWT 





Figure 4. Cost Lines of Given Size S* 
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flatter; this will move the minimum point to the right in 
Figure 2. Figure 5 and Table 9 show that the increase of 
the optimal ship size 1S proportional to the increase of 
S@argo handling rate, but the total transport cost per ton 
is reduced conversely to the increase of handling rate. 
Thus, the high daily costs in port can compensate for the 
high ton-mile costs at sea by savings in ship time in port. 

In Figure 5 the larger the optimal ship size the 
less the decrease of the minimum total cost will be because 
of the rapid increase in the port cost. The effect of port 
costs, however, depends on the magnitude of size elasticity 
Mamieme POLrt costs and factor proportion in comparison to the 
other factors. 

If a sufficient differential can be established in 
handling capacity, ships emploving sophisticated technologies 
can be cheaper than conventional vessels. In Table l of 
Chapter I this may be a limitation to improve to two times 
the present conventional handling capability because there 
is no such big conventional cargo ship, approximately 25,000 
dwt, with more than 1,000 tons per day, except container 
ships. By changing technology the container ships have in- 
Seeased the handling capability from 1650 to 16,000 tons per 
day as well as the Ro-Ro ships from over 3000 to 7000 tons 
per day. 

The reason for the wide span of ship sizes ona 


given trade route, from conventional general cargo liners at 
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one end of the span to oil tankers some 30 times as big at 
the other end, can be explained by the very different values 
OL h,- The other cause may be that the size elasticity 

E, of the handling capacity is higher for oil tankers than 


1 

for general cargo ships. Hence, the reduction in the handling 
cost per ton will be balanced by the increase in the hauling 
cost per ton of the optimum ship. 


ee Cargo Balance 


An increase in 2 or h., will shift the hauling cost 


2 
curve downwards and the minimum total cost curve moves to 
the left in Figure 2. The more balanced the trade is, the 
smaller the optimal ship size will be. The low cargo balance 
ema targe value of the hauling capacity, h., will make the 
bulk carrier or tanker larger. Hence the optimal ship size 
decreases proportionally to the increase of hauling capacity 
in addition to the increase of trade balance. Figure 6 
presents the effect of the changes in cargo balance. 
me capital Cost 

An increase in capital costs tends to reduce the 
Optimum size of the ship, but the magnitude of the influence 
1s rather weak and the optimum ship size is affected little. 
However, the effect on the minimum total cost per ton is very 


high, thus the subsidy of the government will induce a lower 


freight rate in shipping service. The U.S. Chevron* Company 


* 
"Shrinking the Oversized Supertanker," The New York 
Times, 18 July 1980. 
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Figure 6. Optimum Ship Size as a Function of Cargo Balance 
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has reduced their own four 212,000 dwt tankers to 150,000 
dwt in 1980 to save a building cost of 37-47 million dollars 
by cutting the midsection to meet their trade route over 
San Francisco to Dumai, Sumatura. This shows a four times 
saving over the new building costs in addition to the lower 
fuel cost and access to shallow harbors, or harbors with 
limited cargo and docking facilities. Hence the capital 
cost gives mild effect to the optimum ship size whereas the 
total cost per ton has the greatest effect. Figure 7 and 
Table 9 shows its effect. 
o.) Operating Cost 

The increase of the optimum ship size is less than 
proportional to the increase of operating cost in Figure 8 
and Table 9. The effect in the larger ship becomes smaller 
than in the smaller ship. The total effects to the optimum 


Bato will be the relative magnitude Ey and £ and "faceor 


5! 
Peeoortion in the total cost function. 
6. Fuel Cost 

A rise in fuel cost increases the optimum ship size 
proportionally since the fuel cost effects only the hauling 
cost per ton. If the factor proportion of the fuel cost 
p3q,8 ° becomes bigger in comparison with the capital cost 
p,4,8 /, the operating cost P5458 2, and the port cost 
Badas *. then the fuel cost is the most important determinant 


of the optimum ship size. In this model the fuel cost is 


the largest factor proportion and the next is the operating 
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Figure 7. Optimum Ship Size as a Function of Capital Cost 
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Figure 8. Optimum Ship Size as a Function of Operating Cost 
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cost. These combined effects have induced Chevron Company 
to physically reduce the size of their existing ships. The 
Significant savings of capital investment and fuel cost by 
guarter size of the original one will make substantially 
reduced total cost per ton. Figure 9 and Table 9 show the 
proportional change in the optimal ship size. 

7. Summary of the Analysis 

The major determinants of the optimal size of the ship 
are the round trip distance and cargo handling rate because 
the amount of changes in the index is large in comparison with 
the small changes of the factor. The effect of the change 
in cargo balance is quite large. This can be explained by 
the large size difference between the general cargo ship and 
the bulk cargo carrier or tanker. 

The fuel cost affects the size of the optimum ship 
more than the other factor cost. However the change of the 
Capital cost gives the largest effect in the minimum total 
transport cost per ton. This indicates the importance of the 
subsidy from a government for reducing the competitive freight 


rates in shipping service. 
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Figure 9. Optimum Ship Size as a Function of Fuel Cost 
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V. CONCLUSIONS 


This thesis has demonstrated how a shipowner or charterer 
might determine the economical size of the ship in a given 
dense cargo route to minimize his total transport cost per 
ton of a particular ship. Although the value of the esti- 
mates may vary among the type of vessels, type of shipping 
service as well as different shipping operators, the princi- 
ple of the model can be applied to any type of ship. Further- 
more, the model can be extended to use the comparison of 
alternatives for ship designs based on the minimum required 
freight rate which can be defined as the minimum total 
Maaiscport cost per ton. 

The model may be justified in the thin trade route with 
multiports. If the demand imposes a constraint on the maxi- 
mum feasible ship size, the optimum ship size should be 
determined simultaneously with the optimal frequency of 
shipping service. And the model can be improved by using 
multivariables, such as shaft horsepower, handling rate, 


speed and size of the ship as independent variables. 
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APPENDIX A 


COMPUTER PROGRAM TO FIND AN OPTIMAL SHIP SIZE 


a. < 

QUOWYOUY — Lu 
eo) Cy Tt» VY? 
| ey )<f LL) 
Qa. ate) ~ ~d 
Qa O Se) Oo“ a= q i) 
5 -E 1s ) + ‘tik az Vv) 
cWAY) | ff Mi = 
OO <2 WY aor OG tir a. 
Quwmaee wo r—mdomeg LLL) y~ — 
ex «dy c) 8 af & ea © —_ ma ted 
COPUNCS ef } TL N<r >< LI - VY —_— 
OW QOMNO MN OQ Wa 1. © = eS 
QO See) me LULU (on) mOA ml = uN 
Ctr 2s Nay Wan Qo = = ee 
CSL rv itic 3 —<r Te Ti} oe = =~ 
QW GANnwW > wed QOZ2Y ww O — " 
UOCw~w~ YW m= CZ < ve —J dl ~ =) 
YO We) TaAawrTF za ~ dj DT ~— . ad 
OQteRWiL NewiL<g ON Mm “SUWU ft WG a | =~ 
OQreOZLY Tu e b= wie TF fd =~ 
Omer wire wn (a fe Oy - D> ~ _- 
WQEeTIoy = = la <Ie-— << Lu eo) 
Qurto we ee ge <I ~Z © ad 
ONQOFeO hm heb a WOOw — — 7) pe 
Om W200 of OM »UOiIL Ge Se i | el ™ 
OQMNnWIeteQ SeRuwWwdaD MOD Qo oo ~ 
WY mO>UO COr»Ozw w~22qmR 2A = nd 
OAD wo NF 2rO WO ke aq ~~ 2 | ~~ 
Qe OosgO We Wie 2 aOR, | a. 7S - A 
QOEratw eno not? Za e Pad 
QY 2e0UO RWSL OUCTZ2aaeoo = 2 ~~ Ly << 
YO COO DQ —eZOOWN Leet + cf Lu Nw a ad 
QStwetu Qez om) en?” © 2 A. — a 
CO ee TD tee CIO LILLIA LULL C5 lt ad Y) —_ 
QELLeeO ROR te OORMUYH ww = _ ‘o) — 
QOeat Nt Ne IZON eK 4 Y) a. Q ~ 
QeO>F>OO aekeOweyY Argqtoke gg Oo © — a re 
QQawaeo INFOQ 7 CC -~ a ) T Oo = <f 
YOaOrey wt <trRazYORKIO=> w VY) oOo >» Q 
YO NOdY at JY te FO ZONI ewe ff = uN om > 
YQ ZO Reutty me ef he q- = >’ a _ 
UO2HIeqHD D BrNY LO UOUION <— em XS - = = 
Om OTTO AkrOnmmurtZOvVOdt «Oo O OoK~ = — je = 
ee Oe wa ee eee ~ po eae ~— o — 

- YVYODSOwaoOVra Otani! ~ & IO —- —<— AC) 
Bel ODO OOo oe na QO Dk fp ==”, zg = == <= 
Qe WoO WW it | | | corn) Ske *O CQO aekre OS 
On Om + DADO = «A <a ey ti «~ e 
YNQOAOZ ww th >< 44 >=—4 «OB it emt od —w NS 
Om Smee) —_ owe ZZNZOOVOO -—4+wnnn of 
WZ em DOW = INA tte OOOOH HHA mLODOOOED 
QENeNOW Mm Oo ‘ame LL Xl bem me = “LLOODOOWM +m 3+4e4 iO eo ee eif) 
Ot OFA Ww gy =] MH wyl<g mms /) _) ©e@ © 0 Orley OO PRO OODO eb 
UFYOYrO WY WO a eTAO FTReCOOVOOHMw www Me Il I Hl It = 
QO WOW Oi - oe ke LJ ke >< 2 WW WW ROU O WW & QO ow |] 
OOr 27 NN Q No = © OFDW een <I ZS DOwR RH eee 
OQOm~tOWwWsOd wW YO ) = YQD POOZL”NNAaAaH OT {Af FT Bw ew ww 
QA 2Ttoerenn oO UL, fm bt th % OO ae ey ae QUO 
‘J Lhe heli) & > eH Ne Je IO th aeRO Ue fae fee ST me ee TS LON 


OWE BOS esks ZPONAMIAH AQ fais a I ISD Fl 1? Oa 
OTEZOVd aw zo em eTPUOTW wit it OdtegvOoctanp SOewoa0otato 
ae OO COON Rm= Ye LNOROOO< Sr. ITO EL <> TT 
a ] C) 

) Ww) =) 

) ) eS -& 

C) C) ~~ 
YNIQUIOOWIUILIIOOIIIQIOI DY) oe) a) 


UP 





—f Omg Dad py 
a? wage “ual! te? 
ke p= OC J 
<I<=a> 
AA 
<>~OIr 
haw 
ay Oe KS omy 
ep Se! SD oe] 
ae eee TA tee 
a © STS) 
rhe OJ 
<<2 > 
AAts 


<> TTr—SMNwW si el) e 


%¢ 


& CIST CURVE $! 


: Navies COST CJRVE 


INLI 
DOLLARS/TONS® ) 
PT aa aaah a ea COST CURVES‘ 


eTRUEoe* LINLIN® » * HAULIN 


—J@ 

e fe) 

ees 

enh 

LL = 

Te Be | 

Je 

<e a 

Le ~ <5 

oe = Or 

oL- “> = 

Ow O27" o> ew 

LN UWVO WVO ANUJ — 

~~ 8 = of =QAN 

qn om ON — i 

~~ aWY IW) oe © 

<a, 2e% De HoaY) o 
— Am tt I =Z=OoOL 
a] Set Joa) “ead mec > § 
—~ oY) o _J oJ e << 
a. < <IO <oO Yj << 

H-= KA FO ~Io Kf 
= <> <«0e8 <<te Zze+ <_« 
© OF Ae Ae 22 ‘an 
a 4 Ke x<e LL, pm <I OY 
pe Owe fee wes + J LW TR 
YY FAQ AK Cr-A. Wwort 4 => 
iW OFS -2e= su a= AL 
Wk »r~O Oa oOo0o02 —™ Se de 


> sWNayue Owe O 
a2aWwirkQAaetQaelQa eA 


Ae HY 


0 D0 


Le | 
QO 
eO 
Ae 
moo 


REFERENCE SHIP 


oovon] 
SE OD wets eh PAOD IQIDDOMW Of seq gO 


=A 


teeece COSTS PER TUN IN PORT AND AT SG: 


WY 
3 
—€ 
os 
— A 
= mad 
> ce 
f LL 
aad 
+ WO 
oo <— 
— ce 
ce << a 
+ es ~~ 
e ) LL) 
~4 SY 
—) Lid +t 
1S = 
ec) = 
—“~ @ Oe 
~OOO efao oO a 
~WNOAS 2QOOQ Uw 


Wm «§ 6O3AO eA eNRe™N 
+H OO eHuodoDdorradod 
=I NDOmOO OH AO 


PCOmseweeee om a CILIA Ose HU Ha On 
> JIS JIAO UIA SO COdSIwWOsW NPC Heya yor Or 
a SCSI OMY hl IO ATE HW ON eNOS IRR FOQ0OOWMWeA4 N G 


Oot aIte Ste Mere Le ZZ FTO SwWBaannNwwww<f SO 
QrRWOW eY) eU eQynw YN Raa MWWLNNNWNOOVUG¢ ZYVYVOLAMNOAY Tt wea 


© 
N 
= TS) Ww i) >) > 


Te 


OUUOQOaAH EF NTS 





4 
UL) am om 
AAAI 
LU Lu 
i 
LEO 
Lideis 
AN 
aww 
<<ib # 
+ 
mNWY) 
Che + 
orn) 


in 
zaa 
mt de +> 
aa, 
Zain 
Ow UW 
bh § 1 
NN 
Of uu Lu 
WW) 
Q, ~s <a 
% eZ 
b= 36 4 OC 
NN 
Ow # 
Qaiaiaé 
om Lar [Be 
CNN. 
oa.a 
bm eb bee 
Oana YY) 
aaa tee tet Se kL) 
NICO PUL WLU) 
Wis ft | 
DIDS) med md 4 med MANS 
#H#HHMMWSETO 
Ht eNO. LJ 
pm bm pm 2) wee wer 
SAF TR Ht 
QOQ #% OW 
weet wee we LUI) ILL bee bom ONY 
NWS b= 36 bo 
QAO DRDO kb 
YQO04AGIG4.0M" + 


Rc oR ess 


ag "| 2 rae 


AXE STEP TO GET MINIMUM VALUE GT4ETA 


(on Pte 
On wo T=5 eo 


ae AN “ANH MOD 2-4 <f SUR NWO UW We, 


z 
Oo 
~—¢ iy 
— N 
= | 
UL C 
ow) Ow - 
(am) On 
uy a [a] (ae) 
<< o LN 1 ocd 
QO + roa = | = 
—- Now =~ ~ po — N= © 
eA Oo z= Pri CO ww = <x =m 
AOzZoOo © oe) ae Or oO Ot f- 
af ont (on) - ~ ae FZ YO 
Yo Lnw 6 » Oo — WW a= wW 
ws 1 <f uN fa (S—> Lu Sr Oe aw 
ILDtk - = On = aes OO} O- 
> > EE == ad om (I) —~s LU IO} 
co a om eA tO ei elf 
IZAwe CY CO —- A+ e@ 90) Pmt wrateOn FT 
WsJje On) 0 F=—s ew NOkKY wee US) oe wer SLU ULI OW 
MNSZAIN QOa0 QO rT aAwwod <X LLL <Z pe Sb Eb 
wor a+Q e Lib Se etl) — SS ho mom Oey <f 
Sled OoOe- QO Zwolle ni2n FW LL oe LL Sh fe Fm COL 
iu MAO AN wy TCrewoO om) Tb bm Te HYMN 
aaa DOD eOOR em ZRreke ZERWMH+O mezZzeRK ZZ Owe 
HOnm Oemselitit DUNH Wa~DHsHeOoOStuU Hau DWt’ LW 
DTD Ow OWN Wer UL Yu MN HAL ZWD UO WIM VIL WOU OY) 
ame Pe oa nO G0 e ad oe ee nee Oe en 
mud 2€ = +h 1) Re Swe et 1] OW IW OR Re Lew wma 
2a SSS > { 
NA SOGQOCOZ=ZoOwZz.,.oOZ=wWwFVworK tt MYATT OTkKwW OFSwW Qtr TE aa us It 
Cn OL CL eb ebm bo be Fm OL LU) pet OO pm be 2 TS mb) bb em oe einer ra 
© 
\ WV ee 
a= ON | ot 
a c) ) 


74 





ON SEARCH 


OZSwWwntuiwn 
bmn ome UL, + 


COU ee ony) jy 


OUI ce EE 
ODNOMNZN QV 


200 
600 


S 

eS 

a 

© 

fame 

i) 

—~ O 

i 

_J ~ 

a) i, ERS 

] JjIe= 

oe] — fa eyCc. 2 

oO — < mi CC 

t+ eS & oe be 

WY LL3 NN 

© ] m == NN 

= (a = hk = 

<— — e eae 
om] — +> a—4FOO 
Oo us cal = = aww O 
(oa << here <t @O 

— =O) jee = @ he 
cw 1) aes pmo b= LLY ZNIWI JO 
CL @-NIYTOO—wT of 

~—- ZO” % 2S Ru 
eset tRKDDWLo 
pmo + wer 2 WJ dO Ue LL, <L—CD 

J << 1) < NY j= CO 

eke iLe + + 3 JLI~w 


amd HY UL, Um pe 0) Ly J 
Q2taLiue hte 
re Sh Oe) SNIO OLS 


LT 
RT-THETAL) 


MWY 


~~) 
Ale a 
zon 


L+(THETAR-SRT) 


—- 
pad 


OW 
fh 


a & 
NIG 
> 

- - = 
e eZ 

(oe Ke Pall 

= lw OQ 
fwrm< eOO 
e + OO 
SNWJ © 


S(TOL))) GO TQ 700 


an) hens 
te ©*O 
BNO 
p= (/) —4 


GOQO~ww PY eOHoulw- 
eee eZee Le ee OLS! ele @ 


ION APPEARS TG BE 
SIZE S% 
ST PER DWT AT S¥%, 


T 
0 


UN 
HIP 
Ec 


LW) <f 


ioe 
m=O 
72 ee ) 
Oo= 
Op = 
= 
Nex >= 
ed | 
Loe 
= =~ 
ee = 
<M 
OO 
~ ™ OO 
ee 
==) 


ASI REWER DDIUL ODkeD>0D~~ 
$wOKITICULEHO~W LL ZRK 
POAOUOF Uwt<f 


Ze IMO”"RNM 
ae iLien Woe + HJ 
W WUE WU en) yj 

re oleae ae | ee a 
ae Ome MM ENOUOL- 


400 


Ue 


pmo pe) Lj ee me SE" 
— Wome e 
COMnACOOoS 
SQWMOPFOWL 
~ 

ae a | 

Src ooe 
> © OOw~ 
Vv. Ott 


URN 





APPENDIX B 


MATHEMATICAL FORMULA FOR DAILY FACTOR COSTS 


To compute the long run capital cost of the present 
worth, the annual capital cost can be formulated using the 
annuity formula which converts the capital cost into a con- 
Seant annual cost: 

Ie 


annual capital cost = CR’ (1) 


where the initial investment is P, capital recovery factor 


e= — with shipowner's interest rate r and the life 


(l+r) [<1 

meee project n. 

Both capital cost and operating cost except fuel have 
been expressed on an annual basis. The divisor for daily 
cost in Equation (1) must be less than 365 days since the 
Ship spends some time each year under repair. Usually 350 
is taken, not because these costs do not carry on during a 
repair period, but because the opportunity cost of ship's 
time is calculated. The greater the repair time, the lower the 


denominator will be and hence the greater the opportunity 


cost must be: 


Gaplivecapital cost = eZ) 
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To compute the long run operating cost of the present 
worth, the labor costs per year are treated separately be- 
cause it 1s assumed that they increase by 3 percent per year 
in real terms. The present value of such a geometrically 


Growing time series is: 


(3) 


where W is the initial labor cost, g is the annual growth 
rate of 0.03, and r is the rate of discount. This present 
value can then be divided by the appropriate annuity factor 
to give the long-term opportunity cost of labor costs spread 


@ver the entire life of the ship: 


tea 1 
eanual wage cost = a i ‘Tr’ ] (4) 
J ac r-g 


Since the other operating costs are usually available on 
an annual basis, these costs can be calculated by using an 


index of factor prices, if necessary, as well as the fuel cost. 


a 
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